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ABSTRACT

Aims: Climate change is expected to bolster opportunities for alien species’ establishment and spread. In Europe, alien C4 grass
species have the potential to benefit from a changing climate, being better adapted to higher temperatures and heat stress. Our
aim was to compile an up-to-date inventory of alien C4 grass species in Europe, to find information about their distribution and
country- and region-wise statuses, to identify the most widespread and high-risk species, and the most invaded habitat types, and
to draw the temporal trends of their European establishment.

Location: Europe.

Methods: We used the standard systematic literature review methodology to identify relevant publications and online plant
distribution databases to get an up-to-date list of alien C4 grass species in Europe. We aimed also to gather information on (1)
their current country- and region-wise distribution; (2) alien status in each country (casual, naturalised, invasive); (3) the most
widespread and high-risk species; (4) native climatic zones and habitat preferences of each species in European countries; and (5)
temporal distribution patterns of the identified species.

Results: We detected 133 alien C4 grass species across Europe, with the highest number of species in western European
countries (103 species) and the lowest in northern Europe (69 species), with considerable overlap amongst regions. Southern
Europe stands out with the highest number of naturalised (55) and invasive (21) species compared to other regions, while
northern Europe has the highest number of casual species (53). We identified the most widespread and high-risk species,
including those from tropical and subtropical climatic zones, which pose the highest invasion risks. These species pre-
dominantly occur in ruderal and anthropogenic habitat types, but also in natural habitat types, especially in grasslands.

This article is a part of the Special Issue “Biological invasions in plant communities”, edited by Viktoria Wagner, Marta Carboni, Kwek Yan Chong, Milan Chytry and Anaclara Guido.
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Regarding temporal trends, we detected an alarming increase in the establishment of tropical C4 grasses in Europe in recent

decades.

Conclusions: Many European countries already harbour a high number of C4 grass species, but with different alien statuses.

Besides climate and invasion potential, human activities are also important factors in the ongoing invasion process of alien C4
grass species. Collective actions are required to halt this alarming biodiversity problem.

1 | Introduction

The spread of invasive plant species and climate change are in-
terconnected threats to the biodiversity of natural ecosystems,
affecting also societal structures and global governance practices,
and the magnitude of their long-run effect extends far beyond their
current level (Bradley et al. 2010; Burgiel and Muir 2010; Singh
et al. 2023). Invasive plant species pose a significant threat as they
can outcompete native flora, disrupt habitat structure and inter-
fere with biological processes (Castro-Diez et al. 2016). Climate
change exacerbates this problem by creating new environmental
conditions that may favour the spread and establishment of these
invasive plant species (Bradley et al. 2010). Warmer temperatures,
altered precipitation patterns and increased frequency of extreme
weather events can facilitate the invasion of alien plants into new
regions (Vila et al. 2007; Thuiller et al. 2008; Finch et al. 2021).
This dual threat introduces new dynamics, precipitating a sudden
and irreversible transformation of interactions amongst native
and invasive plant species (Richardson et al. 2000). Therefore, to
fully grasp the implications of climate change on invasive plant
species, it is crucial to consider how a changing climate influ-
ences the movement of plant species across barriers and through
different stages of invasion (Catford et al. 2012, 2019; Catford and
Jones 2019; Gioria et al. 2023). Understanding the specific impli-
cations of climate change for each stage of invasion is essential
for supporting management actions aimed at minimising intro-
ductions and mitigating the negative impacts of establishing alien
plant species in time (Blackburn et al. 2011).

Climate change has both direct and indirect effects on the
dispersal and establishment of invasive plant species (Vila
et al. 2007; Thuiller et al. 2008; Bradley et al. 2010; European
Environment 2017). The changes in the abiotic (e.g., temperature,
precipitation) and the biotic environment (e.g., distribution range
shifts or altered phenological patterns of native species) related to
climate change may confer direct benefits to invasive plant spe-
cies compared to resident native ones (Capdevila-Argiielles and
Zilletti 2008; Finch et al. 2021; Lopes et al. 2023). At the same
time, climate change indirectly disrupts processes, imposes stress
on native species, alters the frequency and nature of disturbances
and reshapes species interactions, all of which collectively furnish
openings for the proliferation of invasive species (Finch et al. 2021;
Lopes et al. 2023). Besides, facing climate change, invasive plant
species tend to increase their growth and productivity (Robinson
et al. 2020) and exhibit greater plasticity compared to their native
counterparts (Gentili et al. 2021). Their spread is likely facilitated
by disturbances, such as those arising from land use alterations,
which provide them opportunities at the expense of native species,
which may be less preadapted to changes in their environment
(Pyankov et al. 2010; Chuine et al. 2012). Therefore, the antici-
pated effects of climate change, including rising temperatures and
CO, levels (Amare 2016), are projected to bolster opportunities

for invasive plant species. However, experimental studies showed
that invasive plant species may respond unpredictably in the face
of different components of climate change acting simultaneously,
which adds uncertainty to predicting the path of invasive species
(Robinson et al. 2020).

In Europe, the IPCC Sixth Assessment Report (2023) projected
a significant warming across the continent, with high varia-
tions in its impact by regions. Southern Europe is projected to
experience strong summer warming, while northern Europe
will be subjected to the highest winter temperature increase.
These projections are expected to become more noticeable by
mid-century, with further intensification by the end of the cen-
tury. The specific periods when these changes will become most
apparent are typically the mid-term (2041-2060) and long-term
(2081-2010) horizons (Lee et al. 2023). An increasing amount
of precipitation is expected in northern Europe, and a decrease
in certain areas of southern Europe throughout all seasons
(European Environment Agency 2021), with a very likely pre-
cipitation decrease in the summer months in the Mediterranean
region (Coppola et al. 2021). Western and eastern Europe are
expected to experience extreme precipitation changes in au-
tumn, winter and spring, while facing reduced rainfall during
the summer (European Environment Agency 2021). As a result
of this, the risk of summer droughts is likely to increase in most
European regions with temperate climates, but this trend would
be even more marked in the Mediterranean areas also due to
warmer summer temperatures. Indeed, the Mediterranean re-
gion of southern Europe stands as a focal point of climate vari-
ability compared to eastern, western and northern European
countries (Walther et al. 2009; Brunel et al. 2010; Navarra and
Tubiana 2013; Kovats et al. 2014; Drobinski et al. 2020). In the
Mediterranean, biological invasions are rising fast (Celesti-
Grapow and Ricotta 2021), mainly by plant species originating
from regions with similar climates (Cao Pinna et al. 2021, Cao
Pinna et al. 2024), which allows them to establish more easily
than plant species from dissimilar climates.

The climate change patterns of Europe have the potential to
foster the invasion of one particular group of species, namely
the alien C4 grass species, because they have often been cited
as beneficiaries of actual environmental changes (Chuine
et al. 2012; Kumar et al. 2017; Boretti and Florentine 2019).
Plant species with the C4 photosynthetic pathway make up
only a tiny part of the native vascular flora of Europe (up to
0%-2%, Collins and Jones 1986). However, their number is in-
creasing due to the establishment of alien C4 species mostly
with tropical and subtropical origins (Pyankov et al. 2010).
Notably, nearly 1.5% of the total alien vascular flora of Europe
are C4 grass species, as identified by Kalusova et al. (2024),
who documented 7335 alien vascular species in the region.
The response of C4 species to elevating CO, levels and climatic
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conditions can greatly vary compared to the C3 photosynthetic
pathways based on their inherent physiological characteris-
tics and the specific environmental context (Bernacki 2012;
Wang et al. 2020). The C3 grasses, such as Triticum aestivum
(wheat) (Law and Crafts-Brandner 2001) and Oryza sativa
(rice) (Uprety et al. 2002), initially benefit from elevated at-
mospheric CO, as it enhances the effectiveness of their pho-
tosynthesis (Wang et al. 2020); however, prolonged exposure
may lead to reduced nitrogen-use efficiency and offset these
gains. Conversely, C4 species, exemplified by Zea mays (corn)
and Saccharum officinarum (sugarcane), exhibit a more ef-
ficient carbon fixation mechanism, making them compara-
tively resilient in arid and high-temperature environments,
although with diminishing advantages as CO, concentrations
rise (Sage and Kubien 2003; Kumar et al. 2017; Boretti and
Florentine 2019; Salesse-Smith et al. 2025). This is because C4
plants already concentrate CO, in specialised cells, known as
bundle sheath cells, which reduces their reliance on ambient
CO, (Sage and Kubien 2003; Bouchenak-Khelladi et al. 2009;
Edwards and Voznesenskaya 2011; Kumar et al. 2017; Havrilla
et al. 2023). To understand how various plant types will re-
spond in a changing climate, it is crucial to consider multiple
factors, such as temperature, water availability and nutrient
status (Gritti et al. 2006; Bernacki 2012; Sales et al. 2021).

The spread of C4 invasive species, including several grasses,
has already been highlighted in Europe (Collins and
Jones 1986; Mateu 1992; Pyankov et al. 2010; Appendix S1),
and their increasing number is supposedly linked with the
climate-driven introduction and spread of C4 alien species
(Pyankov et al. 2010; Chuine et al. 2012). Thriving mainly
in croplands and plantations, alien C4 grass species such as
Sorghum halepense (Follak and Essl 2013) and Paspalum dis-
tichum or Eleusine indica (Alcantara et al. 2016) may seriously
impact agriculture. Other alien C4 grasses gradually infiltrate
degraded and semi-natural habitats. In Hungary, for instance,
sand grasslands were invaded by Sporobolus cryptandrus
(Torok and Aradi 2017; Térok et al. 2021) and Sporobolus in-
dicus (Bauer and Verloove 2023). These examples of expan-
sions of invasive grass species not only present challenges to
local ecosystems and agriculture, but their ability to evolve
herbicide resistance makes them more resilient and difficult
to control, posing on-going challenges for conservation efforts
and agricultural practices (Fernando et al. 2016).

This study aims to explore the current distribution patterns of
alien C4 grass species across European regions and countries,
reviewing published literature and online available databases.
In particular, we aimed to (1) gather information on the current
European distribution, number of species and country-wise den-
sities of detected alien C4 grass species; (2) compare European
regions and countries regarding the alien statuses of C4 grass
species (casual, naturalised, invasive); (3) identify the most
widespread and high-risk alien C4 grass species; (4) identify the
native climatic zones and the habitat preferences of each species
in European countries and (5) assess the temporal distribution
patterns of the identified species. Through these efforts, our ul-
timate goal was to offer valuable insights for the understanding
of current invasion patterns of alien C4 grasses in Europe, which
might serve as a basis for predicting future trends. This research
forms a necessary starting point for subsequent studies aimed

at comprehensively addressing and managing the impact of C4
grass invasions in Europe.

2 | Materials and Methods

2.1 | Compilation of the List of Alien C4 Grass
Species for Europe

During the identification of relevant studies and publications
on alien C4 grass species in Europe, our search encompassed
research articles, reports and documents published in peer-
reviewed journals in English and authoritative online da-
tabases. Google Scholar and ISI Web of Science were used
as primary sources for the literature search, while we used
further databases to extract information about the identified
alien C4 grass species: EURO+MED PlantBase, the European
Distributed Institute of Taxonomy (Euro+Med 2023);
Royal Botanical Garden Kew's Plants of the World Online
(POWO 2023); CABI Compendium Invasive Species
(CABI 2023), GloNAF—Global Naturalised Alien Flora
(GIoNAF 2023); (PADAPT) Pannonian Database of Plant
Traits (Sonkoly et al. 2023); and GBIF—Global Biodiversity
Information Facility (GBIF 2023). The last database was used
to verify scientific names and unify synonyms.

To refine our search and identify the most pertinent studies
and sources, we used all the possible combinations of the
following three keyword groups: (1) alien status (alien, non-
native, introduced, neophyte, casual, naturalised, potentially
invasive and invasive), (2) C4 grass species (C4 grass, Poaceae
or grass) and (3) the names of the 39 European countries and
two islands treated separately (see below). Boolean operators
(AND, OR) were used to refine search results. The resulting
search terms looked like: ‘alien’” OR ‘introduced’ OR ‘neo-
phyte’ OR ‘casual’ OR ‘naturalised’” OR ‘potentially invasive’
OR ‘invasive’ AND ‘C4 grass’ OR ‘Poaceae’ OR ‘grass’ AND
‘COUNTRY NAME"’.

The identified alien C4 grass species were classified into three
categories using the definitions of Richardson et al. (2000):
casual (introduced alien species without self-sustaining
populations), naturalised (alien species with self-sustaining
populations), or invasive (naturalised species that have the
potential to spread over a considerable area). For the assess-
ment of these statuses for each species, multiple databases (all
platforms mentioned formerly), along with relevant scholarly
papers, were reviewed carefully, considering the characteris-
tics and behaviours of each species as described in the litera-
ture. In cases where the literature did not explicitly define the
category, we evaluated the species based on its rapid growth,
establishment, spread patterns and its degree of presence
in the new area. To streamline the process, the most severe
alien status for each species was selected within countries and
European regions, ensuring consistency with the definitions
provided by Richardson et al. (2000).

Furthermore, we collected information about the current
European distribution of the identified alien C4 grass spe-
cies in all 39 European countries. In addition, we considered
the Canary Islands and Corsica independently, despite being
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politically affiliated with Spain and France, respectively, be-
cause of their markedly different geographical locations and
climates compared to the mainland territories to which they are
politically connected. Then, countries were grouped into dis-
tinct regions within Europe: northern Europe, western Europe,
southern Europe, or eastern Europe based on the United Nations
(UN) geoscheme created by the UN Statistics Division (United
Nations Geoscheme 2024).

The native distribution range of the species was extracted from
the Plants of the World Online database (POWO 2023), based on
which we categorised the species into temperate, subtropical or
tropical climatic origins.

To identify the most vulnerable European habitat types sub-
jected to the spread of alien C4 grass species, we conducted
a keyword-based literature search for each identified spe-
cies in all European countries where the species occurred.
As the quality of habitat information found for these species
was highly versatile, we used the EUNIS (European Nature
Information System) Habitat Classification, a widely used hi-
erarchical classification of European habitats. We referred only
to inland and terrestrial habitats; therefore, marine and inland
surface water habitats were excluded. We defined our catego-
ries based on EUNIS Level 1, i.e., the highest level of the clas-
sification hierarchy, but we considered the sublevels of these
categories as proposed by Chytry et al. (2020). However, as an
exception, we split one Level 1 category into two categories
(Regularly or recently cultivated agricultural, horticultural
and domestic habitats) to accurately characterise the habitat
preference of the ruderal C4 grass species. Our categorisa-
tion included the following main habitat groups: (1) Coastal
habitats (dunes, shingle, rock/cliffs); (2) Wetlands (mires,
bogs and fens); (3) Grasslands and lands dominated by forbs,
mosses or lichens (dry, mesic and wet grasslands; alpine and
subalpine grasslands, woodland fringes and clearings and tall
forb stands, inland salt steppes, sparsely wooded grasslands);
(4) Heathland, scrub and tundra (arctic, alpine and subalpine
scrubs, temperate and Mediterranean scrubs, temperate heath-
land); (5) Forests and other wooded land (broad-leaved and
conifer woodland and plantations; lines of trees, small anthro-
pogenic forests, recently felled forest, early-stage forest and
coppice); (6) Inland un-vegetated or sparsely vegetated habitats
(rock/cliffs, scree, caves); (7a) Regularly or recently cultivated
agricultural, horticultural and domestic habitats (including ar-
able land and market gardens, fallows and recently abandoned
arable lands); (7b) Artificial grasslands and herb-dominated
habitats (including agriculturally improved, re-seeded and
heavily fertilised grassland, including sports fields and grass
lawns, trampled grasslands with annuals, annual anthropo-
genic herbaceous vegetation); (8) Constructed, industrial and
other artificial habitats (buildings of settlements, transport
networks, industrial sites, waste deposits). Note that the qual-
ity of habitat information found for the species was highly ver-
satile, and we found no habitat information for many newly
established species.

Nomenclature challenges posed significant difficulties in har-
monising our species list with the previous ones, due to the
species having different names in the past and numerous syn-
onyms. To solve this, we verified the scientific names with

careful attention to unifying the synonyms across many data-
bases. Our species list follows the nomenclature of the Global
Biodiversity Information Facility (GBIF 2023).

2.2 | Data Synthesis and Analysis

The total number of alien species and their alien statuses (ca-
sual, naturalised, invasive) were calculated for each European
country separately, and also for the European regions by sum-
ming up the ‘worst’ status of each species. Subsequently, the
species density of alien C4 grasses in each country was cal-
culated by dividing the total number of alien C4 grass species
occurring in the country by the land area of the given country
in km?2. The number of alien species originating from different
native climatic zones (temperate, subtropical, tropical) was also
calculated for each country. We applied chi-squared tests of in-
dependence to determine whether the distribution of species
with different invasion statuses (casual, naturalised, invasive)
differed across regions of Europe and also to determine whether
the distribution of species with different climatic origins (tem-
perate, subtropical, tropical) differed across these regions. As a
post hoc test, we performed pairwise binomial tests within each
region with Bonferroni corrections.

To identify potential drivers of invasion and the relationship
between the number of species with different statuses (casual,
naturalised and invasive), linear regression models were used.
We assessed whether the number of casual species is related
to the number of invasive species and whether the number of
naturalised species is related to the number of invasive species
in each European region. These relationships may explain the
dynamics of alien species establishment and their transition to
invasive status, which are important factors for understanding
regional trends. The analyses were done in R version 4.3.2 (R
Core Team 2023), with data manipulation handled through
the ‘dplyr’ package and visualisations generated using ‘ggplot2’
package.

To identify the most widely distributed alien C4 grass species in
Europe, we counted the number of countries where each spe-
cies was found. We call this measure “European distribution”.
Besides, we also ranked the species based on their invasion risk
based on their current distribution range and alien status across
European countries. First, we assigned ranks to each species
in all countries they were introduced to, based on their current
alien status: casual =1, naturalised = 2, invasive = 3. Second, we
calculated the rank sum for each species: we summed up the
ranks assigned to each species in the four European regions sep-
arately. High rank sums indicate that a species is not just widely
distributed but also has invasive status in many countries. We
identified the most widely distributed species and the high-risk
species both at a continental scale and in the four European re-
gions separately.

To compare the species-pool similarity/dissimilarity of the four
European regions regarding the presence of widespread alien C4
grass species, a Detrended Correspondence Analysis (DCA) was
performed on 39 countries (excluding Corsica and the Canary
Islands represented with very few species). DCA was calculated
on ordinal datasets of species (each species was included using
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the ‘worst’ alien status in the respective country—i.e., 1=ca-
sual, 2 =naturalised and 3 =invasive) to visualise the variation
in species data. DCA was calculated using Canoco 5 (Smilauer
and Leps 2014).

We also compared three published lists of species (Collins and
Jones 1986; Mateu 1992; Pyankov et al. 2010) with the current
species list to analyse trends over time to see if the number or
status of alien C4 grass species is increasing, decreasing, or re-
maining stable in Europe. Because of the nature of the data and
the small sample size, which did not make statistical analysis
possible, we could only visualise the trends.

3 | Results

3.1 | Distribution of C4 Grass Species Across
European Regions and Countries

Our database of alien C4 grasses contained 133 species in 39
European countries and two independently treated islands
(Corsica and the Canary Islands). The species had highly
varying invasive statuses across different countries and re-
gions. For further details, check Appendices S4 and S5. We
found the highest number of alien C4 grass species in west-
ern Europe (103 species), followed by southern (96 species)
and eastern Europe (81 species), while the lowest number of

species was detected in northern Europe (69 species) (Figure 1,
Appendix S5). When considering the number of alien C4 grass
species at the country level, we found the highest number of
species in the southwestern part of the continent: Spain (69
species), Italy (65), Belgium (65), France (64) and the United
Kingdom (60). The countries of the Balkan Peninsula and of
the northern and northeastern parts of the continent hosted
comparatively low numbers of species. Iceland hosted only
one alien C4 grass species: Digitaria ischaemum (Figure 1,
Appendix S4).

Regarding the C4 alien grass species density per 1000km?, we
observed some regional patterns, with higher densities in south-
ern and western Europe (Figure 2). Liechtenstein had the high-
est recorded density of alien C4 grass species, due to its highly
limited size (8 species in just 160km?). Amongst the western
European countries, Belgium, Luxembourg and Switzerland
also showed high densities of C4 grass species. Kosovo hosted
the highest C4 grass density in southern Europe, followed
closely by Montenegro and Slovenia. However, we found
southern countries with low densities as well, such as Spain or
Portugal. Conversely, northern and eastern Europe tended to
have lower species density, with Iceland and Ukraine having the
lowest C4 alien grass species densities in these regions. Sweden
and Finland also presented very low densities of alien C4 grass
species, reflecting the broader trend of reduced species density
in northern Europe (Figure 2).

No. of alien
C4 grass species

<20
21-40

Il 41-60

B > 61

No. of invasive

C4 grass species
in European regions

B Northern
. Eastern

A southern
. Western

FIGURE1 | Number of all alien and invasive C4 grass species in European countries and regions. The number of alien species is indicated by the

colouring of a country in a shade of red, while the number of invasive alien species per country is indicated in a coloured square. The colour of squares
indicates the region the countries belong to: northern (blue), eastern (brown), southern (orange) or western Europe (green). The Canary Islands with

one invasive species out of three alien species are not shown in the map.
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Liechtenstein -
Belgium -
Kosovo -

Montenegro -
Slovenia -
Luxembourg -
Slovakia -
Switzerland -
Corsica -
Netherlands -
Czech Republic -
Austria -
Albania-
Macedonia -
Denmark -
Hungary -
Croatia -
Portugal -
Canary Islands -
Bosnia and Herzegovina -
Lithuania -
Estonia -

Latvia -

Serbia-
Greece -

Ireland -

United Kingdom -
Bulgaria -

Italy -
Germany -
Moldova -

Spain -
Romania -
Poland -

France -
Belarus -
Norway -
Ukraine -
Sweden -
Finland -
Iceland -

Countries

10 15

a—-----Illllllllllllll
o

o
o

20 47

Regions

. Northern Europe
. Eastern Europe
. Southern Europe
. Western Europe

48 49 50

Number of introduced C4 grass species per 1000 km?

FIGURE2 | Species density of C4 alien grass species across European countries and regions (number of species per 1000km?).

3.2 | Alien Statuses per Region and Country

We found regional variations in the prevalence of casual, natu-
ralised and invasive C4 grass species. The chi-square test (y*>=46.7,
p<0.001) indicated that the distribution of species with different
invasion statuses differs significantly amongst regions (Figure 3a).
Southern Europe stands out with the highest number of natu-
ralised species compared to other regions, while northern Europe
had the highest number of casual species and a very low number
of invasive species. Western Europe also had a high number of ca-
sual and naturalised species but a significantly lower number of
invasive species. The numbers of species with different statuses in
eastern Europe were not significantly different (Figure 3a).

When analysing the alien C4 grass species’ invasive statuses per
country, we found high variations within regions. Hungary had
the highest number of invasive species, followed by Spain and
Ttaly (Figure 1). Naturalised species were especially abundant
in western and southern Europe. Casual species had notable
counts in Belgium, the United Kingdom and the Czech Republic.
Some countries with a low number of alien C4 grass species, like

Moldova, Iceland and Luxembourg, do not have reported inva-
sive C4 grass species at all (Figure 1). For more details, check
Appendix S4. Interestingly, 39 C4 grass species had varying sta-
tuses across different regions or even within the same region.

The current number of casual C4 grass species was not signifi-
cantly related to the number of invasive C4 grass species in
either of the four regions of Europe. The number of invasive spe-
cies was more strongly related to the number of naturalised spe-
cies, and this relationship was positive and significant in most
regions. Detailed results are available in Appendix S2.

3.3 | The Most Widely Distributed and High-Risk
Species of Europe

We identified the most widely distributed and high-risk spe-
cies in Europe based on their current distribution and alien
statuses in European regions and countries. Amongst the 133
species listed in our database, 40 species (nearly 30%) were
present in all four regions of Europe. We identified 14 species
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FIGURE 3 | The number of C4 alien grass species categorised by (a) their alien status (casual, naturalised, invasive) and (b) their climatic origin

(tropical, subtropical, temperate) across four different European regions (northern, eastern, southern, western). Chi-squared tests were used to test if

there are significant differences in the regional distribution of the species with varying statuses and climatic origins. Significant differences within

regions according to post hoc pairwise binomial tests are indicated by different superscript letters.

within this subset with the highest total rank sum (> 35), con-
sidering them as species with the highest risk due to their wide
distribution and frequent invasive statuses in European coun-
tries. The identified species in the order of total rank sums
are as follows: Eleusine indica, Panicum capillare, Sorghum
halepense, Panicum miliaceum, Panicum dichotomiflorum,
Setaria italica, Cynodon dactylon, Setaria faberi, Setaria ver-
ticillata, Zea mays, Paspalum distichum, Digitaria ciliaris,
Echinochloa crus-galli and Sorghum bicolor. For more details,
check Appendix S6.

Species frequently ranked as ‘invasive’ but with limited distri-
bution, should also be highlighted, as they can be expected to
become invasive in other countries in the future. For example,
Andropogon virginicus was found only in France, where it is
considered invasive, while Sporobolus pyramidalis is present
only in Slovakia and is also considered invasive there. This trend
is further explored in Appendix S6. The southern European re-
gion is the most unique regarding the alien C4 grass species
composition compared to the other regions. Southern Europe
has several invasive species that are widespread in the countries
of this region but are not present or are only casual or natu-
ralised in other regions, such as Paspalum distichum, Paspalum
dilatatum, Cenchrus longisetus and Sporobolus elongatus. Please
refer to Appendix S3 for a detailed description of the species pool
analysis.

3.4 | Origin and Habitat Preferences of Alien C4
Grass Species

The number of C4 alien grass species with different origins
(tropical, subtropical, temperate) was not significantly different

in the four regions of Europe (y*=1.7, p=0.948). In all regions,
similar numbers of species originated from tropical and temper-
ate zones, and considerably fewer species from subtropical zones
(Figure 3b).

Our extensive data search provided some insights into the
European habitat preferences of 95 out of the 133 alien C4 grass
species. For most species with available habitat preference data,
one (24%), two (30%) or three (27%) habitat types were listed.
Only 19% of the species were present in more than three hab-
itat categories, with Ehrharta erecta having the most versatile
habitat preference, being present in seven habitat categories.
Most C4 grass species occurred in various ruderal and anthro-
pogenic habitats, particularly in artificial grasslands and herb-
dominated areas. These included trampled grasslands, ruderal
roadside vegetation and lawns (51 out of 95 species), as well as
constructed, industrial and other artificial habitats (48 out of 95
species). A high number of species were also found as weeds in
cultivated or agricultural areas (Figure 4). Amongst species of
natural or semi-natural habitats, most colonised grasslands (39
species), while fewer were found in forests (16 species) or wet-
lands (18 species) (Figure 4). For further information, check
Appendix S7.

3.5 | Temporal Changes in the C4 Grass Species
List in Europe

We compared the compiled list with three comprehensive lists of
European C4 species published in 1986, 1992 and 2010, and we
found a considerable increase in the number of alien C4 grass spe-
cies in the last decade (Figure 5). According to these lists, there are
four distinct groups of alien C4 grass species: (1) old introductions:

70f 15

85UB01 7 SUOWIWIOD BA1E81D 3|qeot [dde aup Ag peusenob a1e seollie YO ‘s Jo 9Nl Joj AkeiqiTauljuO AS|IA UO (SUONIPUOD-PUR-SLLIBYWOD A8 |1 Ale.q 1 jBulJUo//Sdny) SUONIPUOD Pue SWis | U1 8eS " [520z/S0/ST] Uo AkeidiTauliuo AB[IM ‘Usosiged JO A1seAluN AQ £2002 SAITTTT OT/I0p/wW00 A8 i Aleiq1pul|uoy/sdny Wwolj pepeoiumod ‘g ‘520z ‘€0TTYS9T



Artificial grasslands and herb-dominated habitats

Constructed, industrial and other artificial habitats

Forests and other wooded land

Grasslands and lands dominated by forbs, mosses or lichens

Inland un-vegetated or sparsely vegetated habitats

Regularly or recently cultivated agricultural, horticultural and domestic habitats

Scrubs, heathlands and tundra

|

Coastal habitats { [N
B |
|
[
[ |
B |
[

Wetlands| [N

o

10 20 30 40 50

Alien species number

FIGURE 4 | The number of C4 alien grass species in each of nine inland and terrestrial EUNIS habitat types in Europe. Most of the species oc-

curred in more than one habitat type.

2010 (Pyankov et al.)
1992 (Mateu)

1986 (Collins and Jones)

| . . .

50 100
Alien species number

FIGURE 5 | Temporal changes in the number of C4 alien grass spe-
cies in Europe according to three published lists and the current study.

alien species that have been reported from Europe before 1986.
We found 30 such species, e.g. Cenchrus ciliaris, Echinochloa crus-
galli, Sporobolus indicus and Sorghum halepense; (2) new introduc-
tions: species that were not mentioned by Collins and Jones (1986)
but appeared in the later lists of Mateu (1992) and/or Pyankov
et al. (2010), 10 species, e.g. Cenchrus longispinus, Miscanthus
sinensis and Paspalum urvillei; (3) recent introductions: species
that were not mentioned in former lists but appeared in our cur-
rent list; 70 species, e.g., Andropogon virginicus, Chloris barbata
and Ehrharta calycina; (4) range-expanding species: species that
were listed as natives in Europe by these previously published lists,
but they colonised new European countries where they are con-
sidered to be alien; 25 species, e.g. Tragus racemosus, Eriochloa

villosa and Sporobolus alterniflorus. For further information,
check Appendix S1.

4 | Discussion

The C4 photosynthetic pathway evolved in tropical climates and
shows improved performance at high temperatures as supported
by physiological measurements and their concentrated distri-
bution in tropical areas (Griffith et al. 2015; Watcharamongkol
et al. 2018). However, C4 grass species have no physiological
barrier to expanding into temperate or cooler regions, but geo-
graphical barriers and lack of opportunities prevented their col-
onisation until recently (Watcharamongkol et al. 2018). Global
climate warming and facilitated biotic exchange amongst re-
gions due to global commerce opened the door for the homo-
genisation of C4 grass flora amongst different climatic regions
(Olden et al. 2004; Jia et al. 2016). Therefore, it is not surprising
that our findings suggest a rising trend and high variability in
alien C4 grass invasions across Europe. Western Europe had the
highest number of alien species (103), while southern Europe
had the largest numbers of naturalised species (55) and invasive
species (21) indicating high invasion pressure. On the contrary,
northern Europe had low densities throughout invasion statuses
with casual species dominance.

4.1 | Distribution of Alien C4 Grass Species
in Europe

The current distribution of alien C4 grasses across European
regions shows a clear species richness hotspot in the south-
western part of the continent. This distribution is partly ex-
plained by climatic factors, but variations within the regions
suggest that biogeographic, historical and socio-economic fac-
tors also influence the pattern (PySek et al. 2022a). The highest
number of alien C4 grass species found in Spain, Italy, France
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and Belgium can be attributed to many different factors. (1)
The Mediterranean and oceanic climate of these countries
with mild, less frosty winters can support the establishment
and performance of C4 grasses. (2) These countries have been
centres of alien plant exchange and colonisation due to trade
and migration for centuries (Celesti-Grapow et al. 2009). (3)
Greater national wealth is also often linked to a high number
of alien species (Pysek et al. 2022a) because wealthy countries
have historically served as gateways for their introduction.
This is due to their strong overseas relationships, long his-
tory of horticulture and ornamental plant trade (Arianoutsou
et al. 2021), and, in the case of C4 grass species, growing in-
terest in their use as energy crops (Lewandowski et al. 2003).
(4) The number of species documented in a country is pre-
sumably also influenced by its size, suggesting that the large
area of these countries also contributes to their high numbers
of naturalised species. (5) Countries with a long tradition in
botanical research such as the United Kingdom, Belgium and
the Czech Republic have made great efforts to monitor alien
species (Celesti-Grapow et al. 2016; Kalusova et al. 2024),
therefore, information availability is likely also uneven across
countries. All these factors can be considered as reasons why
certain countries harbour more alien species than others in our
database (Arianoutsou et al. 2021).

A recent study using a large grass phylogenetic and geograph-
ical dataset suggests that C4 species are less likely than C3
species to colonise cold climates, such as continental, polar or
alpine climates, because C4 species do not possess the ability
to survive under prolonged cold conditions (Watcharamongkol
et al. 2018). Therefore, it is somewhat surprising that we found
a relatively high number of alien C4 species present in north-
ern European countries (53 species). One possible explana-
tion might be that the climate of these northern countries is
more temperate than could be expected for such high latitudes
due to the North Atlantic Current (Johannesson et al. 1995).
The mild winters of maritime climates in Norway, Sweden,
Denmark and Great Britain (Parsons and Lear 2001) provide
a tolerable climate for C4 species (Hulme 2017; Clements and
DiTommaso 2022). While northern Europe has the lowest total
number of alien C4 grass species compared to other regions of
Europe, it hosts the highest number of species in the casual
category. This implies that besides climate other factors also
influence the distribution of C4 grass species in this region.
These countries are also amongst the countries with the most
naturalised species (irrespective of the photosynthetic path-
way) all over Europe (PySek et al. 2022a), indicating that many
ecological and historical factors influence species establish-
ment beyond climate.

4.2 | Alien Statuses per Region and Country

Europe is a highly dynamic landscape from the perspective of
biological invasions. While a couple of decades ago southern
European countries had more naturalised alien plant species
than northern countries (Weber 1997), recent studies reported
that most naturalised species were recorded in the northern part
of the continent (PySek et al. 2022a). A similar dynamic can also
be observed in the case of C4 grass species. Southern countries
had outstanding numbers of naturalised species, indicating

an advanced process of alien C4 grass species colonisation. In
contrast, northern countries were characterised by the predom-
inance of casual alien C4 grass species and a relatively low den-
sity, suggesting an early phase of colonisation. The western and
eastern regions fell between with equal numbers of casual and
naturalised species. This pattern is probably driven by two fac-
tors: residence time and climate change. The range size of alien
species and the stage of invasion highly depend on how much
time the species had to spread, i.e., its residence time, and on the
intensity and frequency of introductions, i.e., propagule pres-
sure (Wilson et al. 2007; PySek et al. 2009; Gioria et al. 2023).
Western or southern Europe has a long history of plant intro-
ductions and a network of trade routes which facilitated the
naturalisation and the subsequent invasion of these introduced
C4 species several decades ago. Contrarily, northern Europe has
plenty of casual species because of the short residence time and
less suitable climates in the past.

Pysek et al. (2022b) found that there is a weak positive correlation
between the number of naturalised and invasive plant species in
European mainland regions, and we also found a similar pattern
in the case of southern and western Europe for alien C4 grass
species. However, the number of casual species was not a good
predictor of invasive species richness, perhaps due to the differ-
ent traits that facilitate the establishment and the later spread of
the species (Theoharides and Dukes 2007; Catford et al. 2019).
We found that in southern and western Europe, the number of
naturalised species is positively related to the number of inva-
sive species. These patterns indicate that environmental or man-
agement factors in these regions might help species to progress
from naturalisation to invasiveness. This is in line with previous
studies (Chuine et al. 2012; Boretti and Florentine 2019), which
indicate that warmer climates, higher propagule pressure, and
more intensive land-use activities in these regions may facilitate
the establishment and spread of alien species. The positive rela-
tionship between casual and invasive species observed in south-
ern Europe might imply that the potential of casual species to
progress towards invasiveness is facilitated by environmental
factors and land use practices that favour their rapid establish-
ment and spread. The weak relationship in eastern and northern
Europe might be explained by climatic factors and different land
use history and management practices in these regions, which
could limit the progression of casual and naturalised species to-
wards invasiveness.

The success of grasses in biological invasion can be related to
the ‘Viking syndrome’, which postulates that invasive success
is because of the efficient dispersal, rapid population growth,
resilience to disturbance, phenotypic plasticity and the abil-
ity to transform environments to benefit the invader (Linder
et al. 2018). According to these traits, C4 grass species are the
most successful group concerning biological invasion world-
wide (D'Antonio and Vitousek 1992). Their capacity to adapt to a
wide range of conditions and transform environments could ex-
plain their dominance in regions such as southern and western
Europe, where conditions are favourable for invasion (Chuine
et al. 2012; Clements and DiTommaso 2022). The Viking syn-
drome may also explain the slower progression of alien species
in northern Europe. In this region, harsher climates, shorter
growing seasons and less historical propagule pressure may hin-
der traits that promote successful invasion.
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While the presence of naturalised and casual C4 grass species
was common across Europe, only certain countries harboured
a considerable number of invasive species. We found more than
10 invasive species in only four countries: Hungary, Romania,
Spain and Italy. A common feature of these countries is on-going
aridification and even desertification, driven by rainfall changes
related to climate change and intense land-use changes in the last
decades (especially in Hungary and Romania). These countries
face changing soil water balance and sinking groundwater lev-
els, leading to aridification particularly in summer, both in the
Mediterranean region (Scocco et al. 2016), in Hungary (Kovacs
et al. 2017) and in the southern part of Romania (Pravilie 2013).
This aridification may have created favourable conditions for C4
grass species, potentially increasing their local abundance and
distribution in these areas (Havrilla et al. 2023).

A great number of species (34 species) showed variations in sta-
tuses across different regions or even across countries within the
same region. The context dependence of the invasion process
might explain these differences (Gonzéalez-Moreno et al. 2014);
however, the case of cryptic invasions cannot be neglected either.
Cryptic invasions refer to those alien species that go unnoticed
due to misidentification with a native or another alien species
(Morais and Reichard 2018). Several C4 species have been re-
ported to be easily confused with other similar species. For exam-
ple, Eleusine indica with digitate inflorescences can be mistaken
for other grasses with similar inflorescences (e.g., with Digitaria
or Cynodon, Dité et al. 2019). Similarly, Torok et al. (2021) proved
that Sporobolus cryptandrus has spread unnoticed and gained
considerable distribution in Hungary. We consider the group
of C4 grass species perfect candidates for cryptic invasions for
three main reasons: (1) there are many introduced species from
the same genera in Europe, which can easily go unnoticed in
the early phases of invasion: 13 Cenchrus spp., 5 Chloris spp., 8
Digitaria spp., 7 Echinochloa spp., 21 Eragrostis spp., 8 Panicum
spp., 8 Setaria spp., 16 Sporobolus spp.; (2) the distinction of the
species of the Poaceae family is usually a greater challenge com-
pared to species from other plant families; (3) C4 grass species
mostly occur in man-made or ruderal habitats such as wastelands
and modern agricultural landscapes, which are less frequently
surveyed or even neglected by botanists (Edvardsen et al. 2010).
Therefore, caution is needed in the interpretation of the present
distribution of C4 grass species throughout Europe, as it is likely
underestimated.

4.3 | The Most Widespread Alien C4 Grass Species
in Europe

Several alien species have emerged and spread as weeds in ag-
ricultural habitats of Europe relatively rapidly within a few
decades (Follak and Essl 2013). We can find the most widely dis-
tributed species in our database amongst these species: Panicum
spp., Setaria spp., Eleusine indica, Sorghum halepense, etc. These
species may have highly different invasion histories: archaeo-
phytes repeatedly introduced for cultivation for over several hun-
dreds or even thousands of years (Pysek et al. 2022b) (Panicum
miliaceum, Setaria italica, Sorghum bicolor) and accidentally or
deliberately introduced neophytes present in the continent for
less than 200years (PySek et al. 2022b) (Eleusine indica, Sorghum
halepense, Panicum capillare). However, the dynamic spread

of both archaeophytes and neophytes is commonly influenced
by their tolerance to herbicide application (Loddo et al. 2020;
Vazquez-Garcia et al. 2020), changed agricultural practices, for
example, intensified maize production, evolutionary changes of
these weed species (Clements and Ditommaso 2011; Paterson
et al. 2020) or their capability to take advantage of the ongoing
climate change (Essl et al. 2009). The impact of these invasive
species on crop yield can be significant in the invaded agricul-
tural fields (Sorghum halepense, Follak and Essl 2013), and the
aggravation of the phenomenon is assured by the human-assisted
spread of these species via contaminated seeds.

4.4 | Origin and Habitat Preference of Alien C4
Grasses in Europe

Most alien species established in Europe are native to temper-
ate Asia and America, mainly North America, due to similar
climates and historical trade links between these continents
(PySek et al. 2022b; Kalusovd et al. 2024). Close climatic match-
ing is a prerequisite of the alien species’ establishment and natu-
ralisation process (Richardson and Py$ek 2012). Interestingly, a
considerable number of C4 grasses with tropical origins have be-
come naturalised in different parts of Europe, which can often
be explained by human activities mitigating climatic constraints.
For example, many introduced ornamental plants of warmer re-
gions need indoor overwintering for survival in the temperate
zone. Such frequently cultivated ornamentals in Europe show
now clear tendencies to escape cultivation (Rigo et al. 2023),
for example, Miscanthus sinensis (Dougherty et al. 2014),
Stenotaphrum secundatum (Englmaier and Wilhalm 2018), and
Eragrostis spectabilis (Qing et al. 2013).

Many alien C4 species occur in disturbed and ruderal habitats, par-
ticularly in early phases of colonisation (Collins and Jones 1986;
With 2002), and our results also confirm this. Other studies re-
peatedly emphasised the inability of C4 species to invade natural
or semi-natural habitats even in later stages of colonisation in
temperate regions (Minnesota, USA, Tilman 1997; southern part
of New Zealand, White et al. 2001), showing instead high densi-
ties in ruderal habitats. Similarly, many European alien C4 grass
species typically occur in highly disturbed habitats, for example,
Eragrostis minor, Eleusine indica, Cynodon dactylon, Setaria spp.,
Digitaria spp. (Carni and Mucina 1998). These results suggest an
inferior competitive ability and superior disturbance tolerance
of C4 species (White et al. 2001). However, recent field studies
also emphasise that extreme climatic events, such as heat shocks,
may reduce the competitive ability of the native resident C3 grass
species, resulting in a die-back, which may enhance the colonisa-
tion ability of C4 grass species (Churchill et al. 2022). Consistent
with this, an experimental study by Lemoine and Budny (2022)
has also demonstrated that changes in soil moisture and sea-
sonal productivity caused by warming enhanced the competi-
tive advantage of C4 species in semi-natural or natural habitats.
Therefore, colonisation of C4 grass species can be achieved at the
expense of C3 grass species and other native species, which are
declining in abundance due to changing climate (de Deus Vidal
Jr. et al. 2021).

Another plausible explanation might be that there is a temporal
niche separation between C3 and C4 grass species in temperate
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grasslands, and these two groups of species might coexist in
grassland habitats: C3 species thrive in the cool spring and au-
tumn, while C4 grass species are more active during the sum-
mer (Niu et al. 2008; Pau et al. 2013). However, with climate
change, prolonged drought periods are expected to become
more frequent even in spring and autumn (Witwicki et al. 2016),
so C3 species may become increasingly vulnerable, and this may
continue to give C4 grasses an edge. Such a scenario could po-
tentially act to further increase the competitive pressures on C3
grasses, maybe even alter the species composition and dynam-
ics. Therefore, rainfall seasonality should be tracked as an im-
portant factor that might determine a shift between C3 and C4
species in temperate regions (Havrilla et al. 2023).

4.5 | Temporal Changes in the C4 Grass Species
List in Europe

Compared to the former lists of alien C4 grass species intro-
duced to Europe (Collins and Jones 1986; Mateu 1992; Pyankov
et al. 2010), we found considerably more introduced species: 71
totally new entries to the list and at least 25 species that are native
to some parts of Europe but recently reported as alien in other
countries. This considerable increase might be partly explained
by the improved data sharing methods of species’ distribution,
ensuring data quality and integrity in online databases, and by
the greatly improved national and international checklists of
vascular plants which list species with corresponding synonyms
and bibliographic details (Groom et al. 2017). Moreover, our in-
tensive searching methods also contributed to this long species
list, in contrast to former lists which were compiled based on
a limited number of literature sources (Collins and Jones 1986;
Mateu 1992; Pyankov et al. 2010). For example, Sporobolus
cryptandrus, an invasive species with monodominant stands
in Hungary (T6rok et al. 2021), was mentioned by none of the
authors of the former lists, although it has had naturalised pop-
ulations in Slovakia since 1987 and was repeatedly reported
from other European countries as well (Holub and Jehlik 1987;
Ryves 1988). As the C4 photosynthetic pathway was discovered
only 50years ago, the list of C4 species is continuously increas-
ing due to phylogenetic clarifications and taxonomic revisions
(Osborne et al. 2014), which could also contribute to the growing
number of European C4 grass species. However, this significant
increase in species numbers is probably also linked with direct
or the indirect effects of climate change.

The European native range-expanding species category should
be carefully treated, as it may include species that are intro-
duced beyond their historic native range as a result of human
actions or human-induced environmental changes, but may also
include species that expand their ranges as a result of climate
change (Essl et al. 2019). Species of the first category are legiti-
mately termed as aliens and should be targeted by conservation
actions, while species of the second category are refugees, and
their survival must be aided.

5 | Conclusions and Outlook

Our study provided a comprehensive overview of the distribu-
tion, status, and habitat preferences of alien C4 grass species in

Europe. Over the past 14years, we observed a notable increase
in the presence of these species compared to the list of Pyankov
et al. (2010) (See also Appendix S1). We identified 133 species
of alien C4 grasses in Europe, with the highest numbers found
in western and southern Europe. The highest number of natu-
ralised and invasive species in southern Europe may be asso-
ciated with the strong anthropogenic influence in this region.
Climate change-induced extreme events facilitate the establish-
ment and invasion of C4 species, potentially creating vegetation
gaps in ecosystems where native C3 grasses dominate, which
may decline due to heat or drought stress. Trampled soils, road-
sides, and agricultural areas are amongst the most invaded hab-
itats, with some species also establishing in semi-natural and
natural grassland habitats. Our findings underscore the vul-
nerability of grasslands to shifts in species composition due to
complex interactions between human activities, climate change
and invasion.

Based on our study, we suggest that long-term monitoring of
plant invasion effects on ecological processes across different
European regions is necessary to mitigate the future impact of
C4 grass invasions. Further research into the temporal niche
separation between C3 and C4 species, the specific mechanisms
through which climate change facilitates invasions, and the
socio-economic implication of these invasions is crucial. Our re-
sults highlight that coordinated efforts in research, monitoring,
and management are needed to safeguard Europe's grassland
ecosystems against the dual threats of climate change and bio-
logical invasions.
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